Twin arginine translocation (Tat) systems catalyze the transport of folded proteins across the bacterial cytosolic membrane or the chloroplast thylakoid membrane. In the Tat systems of Escherichia coli and many other species TatA-, TatB-, and TatClike proteins have been identified as essential translocase components. In contrast, the Bacillus subtilis phosphodiesterase PhoD-specific system consists only of a pair of TatA In bacteria, most of the exported proteins cross the cytosolic membrane through the Sec-dependent translocase in an unfolded conformation (1-3). A subset of proteins is transported via the twin arginine translocation (Tat) 2 pathway. This alternative route accepts folded proteins or protein domains as substrates (4 -6). Initially, the Tat pathway was discovered in chloroplasts as a pathway that operates independently of soluble factors and nucleoside triphosphates and is exclusively energized by the proton gradient across the membrane (7-9). In vitro translocation systems using Escherichia coli components demonstrated that also in bacteria this transport system is energized exclusively by the transmembrane proton electrochemical gradient (10, 11) . Substrates destined for export by the Tat system are synthesized as preproteins with a signal peptide containing an almost invariant twin arginine sequence motif in the N-region of the otherwise canonically structured signal sequence (12).
In bacteria, most of the exported proteins cross the cytosolic membrane through the Sec-dependent translocase in an unfolded conformation (1) (2) (3) . A subset of proteins is transported via the twin arginine translocation (Tat) 2 pathway. This alternative route accepts folded proteins or protein domains as substrates (4 -6) . Initially, the Tat pathway was discovered in chloroplasts as a pathway that operates independently of soluble factors and nucleoside triphosphates and is exclusively energized by the proton gradient across the membrane (7) (8) (9) . In vitro translocation systems using Escherichia coli components demonstrated that also in bacteria this transport system is energized exclusively by the transmembrane proton electrochemical gradient (10, 11) . Substrates destined for export by the Tat system are synthesized as preproteins with a signal peptide containing an almost invariant twin arginine sequence motif in the N-region of the otherwise canonically structured signal sequence (12) .
In E. coli TatA, TatB, and TatC proteins have been demonstrated to be essential for Tat-dependent protein transport (13) (14) (15) (16) . The TatA homologous protein TatE has been proven to be functionally redundant (17) . In chloroplasts structural and functional counterparts Tha4 (homologous to TatA; Ref. 18 ), Hcf106 (homologous to TatB; Refs. 16, 19) , and cpTatC (homologous to TatC; Ref. 20) have been identified. The sequence-related proteins TatA and TatB are anchored in the cytoplasmic membrane via an amino-proximal ␣-helical domain (13) . TatCs are a family of proteins with six calculated transmembrane-spanning domains with N and C termini exposed to the cytoplasmic or stromal side of the membrane (4). Gouffi et al. (21) recently proposed function-linked changes of TatA and TatC topologies for the mechanism of folded protein translocation in E. coli. These changes involve a TatA, the C terminus of which shuttles between the cytosol and the periplasmic space, and a TatC, the predicted fourth and fifth transmembrane helices of which shuttle in the periplasmic space. They speculated that this topology of TatC might reflect an operational state of TatC that changes during the protein translocation process (21) . The current proposal for the action of Tat transport system of E. coli and plant thylakoids involves the initial binding of substrates to the TatB-TatC high molecular weight complex mediated via a direct contact of the double arginine signal peptide with TatC (20, 22) . The signal peptide binding triggers association with TatA to form the active translocation channel driven by the transmembrane proton electrochemical gradient. The folded substrate protein is translocated across the membrane through a channel formed by multiple TatA protomers (recently reviewed in Refs. 23 and 24) .
Although most bacterial and plant Tat systems contain three Tat proteins (TatA, TatB, and TatC), several bacterial and archaeal species miss a TatB-like protein (4, 25) . Thus, at least one copy of a TatA homologue and one copy of a TatC homo-logue are required for a functional Tat pathway (6, 13, 16) . The Bacillus subtilis genome encodes three TatA and two TatC-like proteins (4, 26) . Despite the frequent presence of the twin arginine motif in the N-domain of signal peptides, the first identified substrate strictly transported Tat dependent was PhoD, a secretory phosphodiesterase (27, 28) . We have demonstrated that the tatA d and tatC d genes, co-localized with phoD in one operon, were essential and sufficient to export PhoD (29) . The second copy of tatC (tatC y ) was not required for PhoD export (26) . TatC y obviously forms together with TatA y a second TatAC translocase mediating the export of YwbN (30) . TatA d is engaged in a dual localization. Despite the fact that the protein has a calculated N-terminal membrane-spanning ␣-helical region, TatA d was also found in the cytosol where it specifically interacted with the twin arginine motif of the prePhoD signal peptide (31) . A similar observation has been recently reported for TatA and TatB proteins of the Streptomyces lividans Tat system (32, 33) . The ability of soluble Tat proteins to posttranslationally bind Tat-dependent preproteins resulted in speculation that a soluble population of these Tat proteins could serve to recruit the substrates to the translocase. The prerequisite to confirm this thesis would be a definite cross-talk of the substrate-Tat protein complex with the membrane-integrated part of the translocase.
To prove a possible targeting function of TatA d for its 
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Media-E. coli strain TG1(pREP4) (Qiagen, Hilden, Germany) was used to overexpress proteins. Plasmids pQE9tatA d , pQE60tatC d , and pQE9phoD p have been described elsewhere (29, 31) . E. coli was grown aerobically at 37°C in TY medium (34) . As required, medium was supplemented with ampicillin (100 g/ml), kanamycin (40 g/ml), and isopropyl-␤-D-thiogalactopyranoside (IPTG, 1 mM). (31) . B. subtilis strains were grown in TY medium to mid-exponential phase, and expression of tat genes was induced with 1 mM IPTG. To induce the phoD-tatA d -tatC d operon, B. subtilis strains were grown in low phosphate defined medium (35) . Induction of phosphate starvation response was monitored by determining alkaline phosphatase activity as described previously (36) . Membrane-free cell extracts of B. subtilis and E. coli were prepared as described (31) .
Purification -NTA affinity chromatography was carried out essentially as described above.
Freeze-Fracture Electron Microscopy-Liposomes were concentrated by centrifugation and resuspended in phosphatebuffered saline (PBS) containing 15% (w/v) glycerol. Aliquots were enclosed between two 0.1-mm copper profiles as used for the sandwich double-replica technique. The sandwiches were rapidly frozen by plunging them into liquid propane cooled by liquid nitrogen. Freeze fracturing was performed in a BAF400T (BAL-TEC, Liechtenstein) freeze-fracture unit at Ϫ150°C using a double-replica stage. The fractured samples were shadowed without etching with 2.0 -2.5 nm of platinum/carbon at an angle of 35°. The evaporation of platinum/carbon with electron guns was controlled by a thin layer quartz crystal monitor.
Fracture Labeling of TatA d -For freeze-fracture immunogold labeling and subsequent electron microscopy, the freezefracture replicas were transferred to a digesting solution (10 mM Tris-HCl, pH 8.3, containing 30 mM sucrose and 2.5% SDS) and incubated overnight according to Fujimoto (37) . The replicas were washed four times in PBS buffer and treated with PBS with 1% bovine serum albumin for 30 min. Next, they were placed in PBS containing bovine serum albumin (0.5%) and monospecific antibodies against TatA d (dilution 1:20) for 1 h. Subsequently the replicas were washed four times with PBS and placed on a 1:50 diluted solution of the secondary gold-conjugated antibody (goat anti-rabbit IgG with 10 nm gold particles; British Biocell International, Cardiff, UK) in PBS containing 0.5% bovine serum albumin for 1 h. After immunogold labeling, the replicas were immediately rinsed several times in PBS, fixed with 0.5% glutaraldehyde in PBS for 10 min at room temperature, washed four times in distilled water, and finally picked onto Formvar-filmed copper grids for viewing in an EM 902 electron microscope (Zeiss, Oberkochen, Germany). Freezefracture micrographs were mounted with direction of shadowing from bottom to top.
SDS-PAGE and Western Blot Analysis-Protein SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was prepared as described by Laemmli (38) . After separation by SDS-PAGE, proteins were transferred to a nitrocellulose membrane (Schleicher and Schüll) as described by Towbin et al. (39) . Proteins were visualized using monospecific antibodies against TatA d , TatC d , and alkaline phosphatase-conjugated goat anti-rabbit antibodies (Sigma) according to the manufacturer's instructions.
Isolation (40) or no Tat proteins were harvested by centrifugation, washed, and resuspended in 50 mM Tris-HCl, pH 8.0. The cell suspension was passed three times through a French press at 16,000 lb/in 2 to obtain inside-out inner membrane vesicles (IMVs), and the cell debris was removed by low spin centrifugation (10,000 ϫ g for 5 min). Membranes were collected by high spin centrifugation (200,000 ϫ g, 1 h) and resuspended in buffer containing 1 mM dithiothreitol; the inner membranes were subsequently separated from the outer membranes by sucrose density gradient centrifugation (41) . IMVs were frozen in liquid nitrogen and stored at Ϫ80°C. Protein content was determined by the DC protein assay (Bio-Rad).
TatA Stability Determination of TatA d -B. subtilis strains were grown to mid-exponential growth phase in TY medium. Plasmid-mediated expression of tatA d was induced with IPTG (final concentration 1 mM). After 1 h further protein synthesis was stopped by addition of tetracycline (12.5 g/ml) and chloramphenicol (10 g/ml). Cells were withdrawn, lysed, and equalized for identical protein content. TatA d in total cell extracts was detected immunologically using SDS-PAGE and subsequent immunoblotting. Relative TatA d level was estimated by quantification of chemiluminescence-labeled protein.
Synthesis and Screening of the Cellulose-bound Peptide Arrays-Peptide arrays were prepared by automated spot synthesis using the AMS SPOT robot (Abimed, Langenfeld, Germany) (42, 43) . Before screening, the membranes were washed in methanol for 10 min and three times in TBS buffer (50 mM Tris, 137 mM NaCl, 27 mM KCl, pH 8.0) and subsequently incubated in blocking buffer (10% GENOSYS SU-07-250; 5% sucrose, TBST buffer (TBS with 0.05% Tween)) for 3 h. After washing with TBST buffer, the peptide arrays were incubated with [ 35 S]Met-labeled His 6 -TatA d (50 ng/ml; 10,000 cpm/l) in blocking buffer for 16 h at room temperature with gentle shaking. Unbound protein was washed out with TBST buffer. Relative amounts of radioactivity were estimated by using phosphorimaging (Fuji) and associated image analytical software PC-BAS. (Fig. 1, A and B, lanes 2). To optimize release of Tat proteins from the bacterial membrane, octyl glucoside was replaced by dodecyl maltoside or Triton X-100. Essentially similar co-purification of the untagged protein could be observed by its His 6 -tagged translocase partner protein (data not shown). (Fig. 1C, lane 2) . After removal of unbound material, TatA d was co-eluted with TatC d -His 6 from the column material (Fig. 1C, lane 3) . As a control experiment Ni 2ϩ -NTA superflow-agarose was incubated with cell lysate of E. coli TG1, washed, and incubated with membrane-free cell extracts of B. subtilis 168(pREP9tatA d /tatC d ) (Fig. 1C, lanes 4 and 5) . Because here no TatA d remained bound to the beads (Fig. 1C,  lane 6 (Fig. 2A, lane 4) (Fig. 3) withdrawn at the time points indicated, separated in cytosolic and membrane fraction, and the presence of TatA d was analyzed immunologically (Fig. 4A) . 15 min after phosphate starvation, a significant amount of TatA d was already detected in both fractions, reaching its highest level 30 min after induction. Up to 60 min after the onset of the induction the majority of TatA d was found in the cytosolic fraction. Upon prolonged incubation the protein quickly disappeared in both the cytosolic and membrane fractions, indicating a short half-life of TatA d . A similar distribution of TatA d was observed using strain B. subtilis 168 ⌬tatC y (Fig. 4B) . A raised level of TatA d could reproducibly be observed in B. subtilis 168 ⌬tatC y strains.
RESULTS

Mutual Interaction of
In parallel B. subtilis strains 168 ⌬tatC d (Fig. 4C ) and 168 ⌬tatC d /tatC y (Fig. 4D) were cultivated and processed under essentially identical conditions. Surprisingly, almost no TatA d could be monitored in the particular cellular fractions of both strains. The presence of TatC d was obviously the prerequisite for stabile TatA d production. (Fig. 7A) , in MH5444 (pREP9tatA d /tatC d ) the protein was exclusively localized in the membrane (31) . Strikingly, the TatA d protein was almost entirely localized at the cytosolic (PF, protoplasmic face) side of the membrane (Fig. 7, compare panels B and C) . Freeze fracture through the B. subtilis cell further elucidated localization of TatA d at the inner side of the cell envelope (Fig. 7C,  arrow) . Cells grown without IPTG showed no immunogold 
DISCUSSION
TatA d of the B. subtilis PhoD-specific Tat translocase is engaged in a dual localization. Despite the fact that the protein has a calculated N-terminal membrane spanning the ␣-helical region, we demonstrated previously that a substantial fraction of the protein was found to be soluble in the cytosol of the cell in addition to its expected membrane localization (31) . A similar observation has been recently reported for TatA and TatB proteins of the Streptomyces lividans Tat system (32, 33) . The ability of soluble Tat proteins to posttranslationally bind Tat-dependent preproteins resulted in speculation that a soluble population of these Tat proteins could serve to recruit the substrates to the translocase. The prerequisite to confirm this thesis would be a definite cross-talk of the substrate-Tat protein complex with the membrane-integrated part of the translocase. By analyzing the distribution of TatA d and studying binding to Affinity of TatA d to a 13-mer peptide library of TatC d elucidated domain specificity of TatA d recognition. As shown for the sequence-specific affinity of TatA d for double arginine-containing peptides derived from the signal peptide of PhoD, recognition of peptide-specific epitopes of peptide libraries was position dependent (31) . Selective binding to peptides derived from cytosolic regions of TatC d demonstrates that the cytosolic loops between the second and the third transmembrane helices as well as the fourth and the fifth transmembrane helices form the basis for this interaction as displayed in Fig. 6B . Complex formation of individual Tat proteins has been extensively investigated in the E. coli (44 -48) and the plant (49) Tat systems, but currently there exists no information about the specific interaction sites between TatA and the TatB-TatC-substrate complex. The TatC proteins are highly conserved within various organisms (4) . This group of proteins shares a similar orientation in the membrane with N and C termini exposed to the cytoplasmic or stromal side of the membrane (20, 44, 50, 51) . Particularly, alignment of TatC proteins revealed that conserved residues are preferably localized in the region exposed to the cytosolic site (52, 53) . Mutagenesis of conserved positions of E. coli TatC has revealed that some of these residues are critical for its function, which would be consistent with a role in substrate binding (52, 53) . Elucidated site-specific affinity of For E. coli TatC a dual topology has been suggested: Its calculated 6 transmembrane-spanning domains were confirmed by Behrendt et al. (54) . Alternatively, Gouffi et al. (50) predicted that the fourth and fifth transmembrane helices and the predicted second cytoplasmic loop between the two helices of E. coli TatC protein are located in the periplasm. They speculated that this topology might reflect an operational state of TatC that changes during the protein translocation process. In combination with topology changes of TatA they propose a model in which topology rearrangements of TatC and TatA assist the movement of the substrate into the membrane and the formation of a hydrophilic cavity to provide a protein-conducting channel for substrate transport (see Ref. 21 for details). Direct affinity of TatC d for TatA d combined with topological flexibility of TatC d would provide a possible mechanism for how the TatA d -substrate complex could integrate into the membrane driven by the proton motive force at the membrane.
Monitoring of TatA d in the cytosol and the membrane in B. subtilis showed that at the onset of the induction it is distributed between the cytosol and the membrane fraction. Upon ongoing incubation the protein quickly disappears in both the cytosolic and the membrane fractions, obviously due to proteolytic degradation.
Our attempts to study the influence of Membrane localization of TatA d was dependent on the presence of the substrate prePhoD. Freeze-fracture experiments carried out in a B. subtilis strain deleted for phoD revealed that TatA d was almost exclusively localized in the membrane (31) . Striking was the observation that the absence of the substrate resulted also in altered membrane localization of TatA d . Although freeze-fracture experiments using B. subtilis wildtype cells showed a even distribution of the protein in both sites of the membrane irrespective of the expression level of the proteins, 3 absence of the substrate resulted in the accumulation of TatA d in the inner side of the membrane. A possible explanation for this observation is that the formation of the heterodimeric substrate-TatA d complex is obviously the prerequisite for the proper structure and/or folding to obtain the appropriate membrane integration. Chaperone-assisted substrate proofreading or quality control activity during assembly of complex endogenous substrates has been suggested for the E. coli Tat system (55) .
The current understanding of the mechanism of the protein translocation of TatABC systems involves a cyclical assembly model proposed by Cline and Mori (49) for plant thylakoids. In E. coli it has been demonstrated that a complex consisting of TatB and TatC serves as substrate binding site in which TatC mediates the specific substrate interaction (22) . The pH gradi- 
